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K-L AND L-K VACANCY SHARING IN ION-ATOM COLLISIONS

Richard J. Fortner
Lawrence Livermore Laboratory, Livermore, California 94550

Introduction

The molecular modgl‘ has been very successful
in explaining the production of atomic vacancies in
Tow energy ion-atom collisions. One area of active
investigation involves the sharing of inner-shell
vacancies between two colliston partners. The
sharing results when a vacancy, which has been pro-
duced at some smaller internuclear distance, is
transferred from one molecular orbital (MO) to
another during the separation of the two collision
partners. K-shell vacancy sharing in near symmetric
collisions due to radial coupling betgeen the 1so_and
2po MOs has been studied extensively.? Meyerhof3
derived a simple formula, using a parameterization
of the Demkov forma]ism,d which was very successful
in explaining a large body of data on K-K vacancy
sharing. In this paper I will summarize the current
situation involving sharing of K and L vacancies in
highly asymmetric collisions (Z3/2; > 2).

Theoretical

Before discussing the experimental data some
introduction into the theoretical models available
for calculation of vacancy sharing is needed. The
simplest approach is to assume that only the two
states involved in the sharing need be considered.
One assumes two orthonormal states with the same
symmetry [¢?>. which are approximate solutions to the
Hamiltonian H. The eigenstate ¥ of H is assumed to
have the form {y> = c1?¢?> + c2|¢?>. Substitution
into the Schrodinger equation yields

CiHyy + CplHyyE) = 0
where
Hig = <oy lRlop> . m

This yields two solutions which are designated |yy>
and |pp> with energy eigenvalues

= 1
Ey,2 = 7l + Hpp).

* ]/Z\I(H” - Hyp)? + Ay, [ (2)

The two states, |y1> and |y2>, are adiabatic states
and cannot cross unless (Hyy - Hz2) and Hy2 are both
zero. The approximate states 149> and l¢8> pass
smoothly through a crossing, R, (i.e. Hyy = Ha2) and
are called diabatic states. I¥ one defines an angle
B, such that

P)

tan B = gt (3)
UTILY:

one can show

|¥,> = cos % B|¢?> + sin % Bjog>
|¥,> = -sin J 8]¢7> + cos & 8le3> (4)

special cases are |[Hyy . Haz| >> |i12], 2 =0
[¥1> = 97> and |¥2> = |$9>.  On the contrary

[Hq = Hyal << My 0 B = w/2 and ¥y> = 1//2(]¢3> +
17 "2 12 R L 1
14>) and [¥,> = 1//2(-[63> + |69>).

The most general solutiog to the problem is the
exponential model of Nikitin.® This is found by .
setting

H12 = .- % C exp{-aR) and
HT] - Hyy =8 - D exp{-aR) . (5)

where Ae, a, C, and D are adjustable parameters. It
is convenient to redefine the adjustable parameters
in terms of the angle defimed by £q. (3} by noticing
that as R > 0 D exp(-aR) >> Ae then

tanB-»%E tan 8

or
¢ =Asing D=Acoss . : (6)
For convenience we set

A exp(-oR, ) = ae {(n

Finally setting R = R_ + AR and using €qs. (2), (5),
(6), and (7) we can wiite the energy difference
between the two adiabatic states in terms of the
adjustable parameters

AE = E; - E, = A '1-2 coso exp[-aAR]

+ exp[-2aAR] l /2 (8)

Equation (8) has several interesting properties, for
6 < w/2 AE exhibits a minimum, for @ > /2 the two
adiabatic states actually diverge. By examining

Eq. (8) the physical interpretation of the adjustable
parameters is clear, AE » Ac as R + », thus Ac is the
energy difference between the atomic states, Ry is the
crossing radius, /o is the width of the recion about
Ry where the coupling takes place and 6 is an adjust-
able parameter called the Nikitin angle whose physical
interpretation is defined in Egs. (4? and {6). Theé
adjustable parameters (4c, a, Ry, 8) can be determined
by a fit to the energy difference between two adiabatic
energy curves such as those calculated in a Hartree-
Fock approximation. WNikitin calculated the coupling
2rogabi1ity P12 in terms of the adjustable parameters
o be



P = eX'p[Z’T":t COSZ(G/Z)/IVI-T (9)
12 expl2rie/av]-1

The sharing ratio R is simply

Pr2

R=1_—p‘—z‘

(10)
There are two important limiting cases to the
Nikitin formalism. :If we set (4e,x,0) = (IH-IL,

(JT; + /T[)//?Qn/z)ithen P12 and. R reduce to the well
known values as derlved by Meyerhof, i.e.

R AV RV (11)

This represents the case where the energy difference
has no minimum but the levels remain parallel for the
maximum range of internuclear distances. The second
limiting case is for small values of the Nikitin angle,
8, i.e. b << w/2. In this case Eq. (9) reduces to the
well known expression for the Landau-Zener formula

) 2, d
Prg = exp -2y, /vgg (Hyy - Hop) fp- g (12)

for the coupling probability between two adiabadic
molecular levels which exhibit a strong minimum in the
energy difference, i.e., an avoided crossing. The
Landau-Zener (LZ) and the Meyerhof-Demkov (MD) formulas
being two different limiting cases exhibit different
characteristics. In the MD formalism Pyz has values
between 0 and .5, whereas in the LZ cases the values
range between 0 and 1.0. Thus diabatic behavior (Py;
+ 1) for the molecular levels is.excluded in the MD
picture but not in the LZ model.

K-L and L5K Vacancy Sharing

Vacancy sharing is a well-suited method for
studying the coupling probability P12 described above.
Since the primary vacancy is produced at very small
internucTear distances, the vacancy sharing takes place
in a single passage thru the interaction region as the
collision partners separate. In addition since inner’
shells are involved the number of molecular levels
involved in the coupling is small, thus the two-state
approximation might be expected to apply for some
cases. As mentioned earlier, KK sharing has been
studied extensively and in general the MD formalism
works quite well.<>6 However, K-L vacancy sharing re-

presents a fundamentally different system to K-K sharing.

In Fig. 1 we illustrate vacancy sharing for three dif-
ferent cases which we call KK, LK, and KL sharing. In
each case the first letter designates which atomic level
the primary vacancy is correlated to in the adiabatic
diagrams. It is clear from the figure that this is the
level of least atomic binding energy. The biggest point
to be gleaned from the figure is that in the highly
asymmetric collision, i.e. KL and LK sharing cases, the
1s level, due to polarization and Stark effects, induced
by the strong electric field of the heavy collision
partner rapidly decreases as R decreases. In the case
of LK sharing, the relevant levels (40 and 2¢) actually
diverge. In the case of KL sharing the strong decrease

K-K Shating ‘

i
\20' !
‘Sg i
t
/——_' 1
| lc’ & E i
. R
L-K Sharing
N 4o 2ps

K-L Sharing R
N 40 iS5
2l
R

Figure 1. Moleculatr orbital cunves demonstrating
dijjerences between K-K, L-K and K-L

vacancy sharing.

in energy produces an apparent avoided crossing between
the 3o and 40 levels. In the language of the Nikitin
formalism LK sharing corresponds to systems where

6 > n/2 and KL sharing corresponds to systems

where @ < 7/2. In the case of KK sharing, the levels
remain parallel during much of the collision corre-
lating to the case where 6 = /2.

Experimental Data

The Nikitin formalism has been applied to the
vacancy sharing problem. Bovingb first applied the
fitting procedure to the case of K-K sharing to explain
small deviations from ths MD formula seen in low Z col-
1ision systems. Woerlee’/ et al. first observed the
avoided crossing in K-L sharing and successfully applied
the Nikitin fgrgalism to K-L sharing in Ne-Kr collisions.
Other authors have measured K-L and L-X vacancy
sharing, but did not have MO calculations available for
the collision systems studied, thus they had limited
success in applying the Nikitin formalism. In Figs. 2
and 3 1 show the results of some recent measurements
and calculations obtained at Livermorel0 which typify
the available measurements. In Fig. 2 we consider
K-L vacancy sharing in C& - Xe collisions. The insert
shows the calculated energy difference Ae(3? - 4g)
obtained from the VSM of Eichler and Wille.!l The
solid line shows a fit to the energy difference using
Eq. (8). From the fit we obtain the parameters in
a.u. (e, a, Ry, 8) = {67.0, 7.0, .243, 25°) which
are then used to calculate the Nikitin vacancy sharing
ratios which are indicated in the figure. The values
for MD,also shown in the figure, are substantially

o
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plotted as a function of internucleat
distance, R, See fext.

Figure 2.

smaller as one would expect due to the strong minimum
in the Ac curve. The data in the figure indicate the
ratio of x-ray production cross sections which should
be corrected for difference in fluorescence yields.

1t is clear from the figure that the slope of the data
agrees very well with the Nikitin predictions. The
dashed line in the figure shows the Nikitin predictions
normalized to the data at one point. Similar behavior
for K-L vacancy sharing in Ne-Kr systems has been pre-
viously reported.

The situation for L-K vacancy sharing is very dif-
ferent. In Fig. 3 the data for C2 - Kr collisions are
presented. The insert curve Shows Ae(20-4ad) has no
minimum and actually diverges as R decreases. Again
the solid line shows the fit of Eq. (8) which yields
the parameters (de, a, Ry, 8) » (42.17, 6.6, .33, 110°).
The predicted vacancy sharing ratios, R, for the Nikitin
formalism are substantially smaller than MD as expected.
However the data, which have not been corrected for
fluorescence yields agree very well with the MD pre-
dictions.. The data suggest that coupling at R values
greater than Ry where Ac is constant dominate the
vacancy sharing and the application of MD in this
region works reasonably well. Note in the analysis of
L-K sharing we have neglected the 3o level. A more
rigorous theoretical treatment would be valuable in
justifying this point.

It is clear from the above discussion that K-L
vacancy sharing is a tool for studying molecular
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Figure 3. Tynical case for L-K vacancy sharing.

R{oyiCiK)/o{Kall)} vs 1/v. Insent
dhows caleulated eneagy difference
Ael20-da) plotted as a function of
internuclear distance, R. See text.

orbital curves. In Fig. 4, a comparison of Ae(30-40)
for B-Ar collisions calculate? wstng the VSMI1 code
and a Hartree-Fock (HF) code. 2 The two curves are
quite different. In Fig. 5 a comparison of the experi-
mental data with the Nikitin model calculated with

the HF curves shows good agreement indicating the HF
values are more reasonable.

The final point to be made concerns the new
correlation rules. A new correlation rule is
obtained at an avoided crossing when P12 > 1/2, i.e.
R > 1. Indeed in K-L vacancy sharing }t 1s possible
to apply the Nikitin formalism to collision systems
with strong minimum in the Aec vs R curves and cal-
culate R values in excess of 1. However no experi-
mental data have been obtained which indicate values
of R greater than 1. We have considered two systems
F -+ Kr and Ar - Sn, The values of R calculated from
the Nikitin formalism in the regions where experimental
data9.10 exist clearly predict values in excess of
unity. However the data within experimental error
give a constant value of 1.0.. This suggests that the
Nikitin model, and thus the LZ model, break down for
high coupling probabilities of P12 > .5. If this is
indeed the case the arguments which were used to pre-
dict new correlation rules must be reconsidered.

The author would like to thank J. D. Garcia, D. L.
Matthews, K. Reed, F. Saris, N. Stolterfoht, D.
Schneider, P. Woerlee, W. Fritsche, and Y. Wille who
have contributed in the development of this work.
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